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Abstract: Human proton-dependent peptide transporters, PEPT1 and PEPT2, mediate the
cellular uptake of di- and tripeptides as well as a variety of drug molecules. Although PEPT1
and PEPT2 have been cloned from many species, there are no data available for monkey, an
important pharmacological and preclinical species in drug development. In this study, it was
first verified that monkey intestine transports a model dipeptide, Gly-Sar, in a proton-dependent
manner (0.30 ( 0.05 pmol cm-2 s-1 at pH 6.0 and 0.10 ( 0.03 pmol cm-2 s-1 at pH 7.4) in the
absorptive direction, presumably by monkey PEPT1. RT-PCR and rapid amplification of cDNA
ends (RACE) were then used to clone monkey PEPT1 and PEPT2. Monkey PEPT1 (2127 bp
and 708 amino acids) was found to be >94 and >92% identical to human PEPT1 at the cDNA
and amino acid level, respectively. Monkey PEPT2 (2190 bp and 729 amino acids) was found
to be >97% identical to human PEPT2 at both the cDNA and amino acid levels. Functional
comparison of human and monkey peptide transporters expressed in HeLa cells suggested
that functionalities of PEPT1 and PEPT2 were largely conserved in terms of Gly-Sar uptake
kinetics and inhibitor specificity (for most tested substrates). Finally, Northern and RT-PCR
analyses revealed some differences in tissue mRNA levels of peptide transporters between
human and monkey.
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Introduction
In the process of drug discovery and development, species

differences in drug biotransformation between preclinical
animals and humans have been observed frequently.1 It is
of great interest to understand these differences at early stage
of drug discovery and thus better predict and extrapolate data
from animals to humans. In fact, significant effort is directed
early in drug discovery to delineate species differences in
metabolic and pharmacokinetic profiles of new drug candi-
dates.2

In recent years, a large number of drug transporters have
been cloned and identified in organs that are important for

drug disposition, such as the small intestine, liver, kidney,
and blood-brain barrier.3 As the functions of these trans-
porters are being characterized and rapidly documented in
the literature, pharmaceutical researchers are beginning to
gain an appreciation of the roles of drug transporters in
determining absorption, distribution, metabolism, excretion,
and toxicity (ADMET). Therefore, along with drug metabolic
enzymes and other relevant factors, drug transporters should
also be considered when addressing species differences on
ADMET properties of drug molecules, especially when the
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cellular entry and exit of these molecules are affected or
governed by transporters.

The function and substrate specificity of drug transporters
are often well characterized in human systems; however, such
information in major preclinical species, especially in
monkeys and dogs, is often lacking. This manuscript focuses
on two proton-dependent dipeptide transporters, PEPT1 and
PEPT2, which are among the most studied human drug
transporters and significantly pharmaceutically relevant.4-6

To be specific, PEPT1 has been actively investigated as a
target for improving oral absorption of drug candidates, due
to its high transport capacity in small intestine and its ability
to accept a variety of peptide-based drugs as substrates.
PEPT2 has been suggested as a potential target for drug
delivery through pulmonary pathways.7 In addition, PEPT2
has been suggested as a key renal transporter for reabsorption
of â-lactam antibiotics and potentially other peptide-like
drugs because of its high-affinity transport characteristics.

Although PEPT1 and PEPT2 have been cloned from many
species, there are no data available for monkey, an important
pharmacological and preclinical species in drug development.
In this study, monkey PEPT1 and PEPT2 are cloned, and
functional comparisons and tissue expression assessments
are made between the monkey and human peptide transport-
ers.

Experimental Section
Materials. Radiolabeled glycylsarcosine (Gly-Sar) (17 Ci/

mmol for the3H-labeled form and 110 mCi/mmol for the
[glycyl-1, 2-14C] form) was purchased from Moravek Bio-
chemicals, Inc. (Brea, CA). The BCA protein assay kit was
purchased from Pierce (Rockford, IL). Unlabeled Gly-Sar,

glycine, cefadroxil, captopril, cephalexin, enalapril,L-3,4-
dihydroxyphenylalanine (L-DOPA), bestatin, and 5-aminole-
vulinic acid (ALA) were from Sigma (St. Louis, MO). The
rabbit anti-human PEPT1 polyclonal antiserum was custom-
made by Zymed Laboratories (South San Francisco, CA) and
prepared from animals treated with a peptide corresponding
to the last 16 amino acid residues of human PEPT1
(KSNPYFMSGANSQKQM). The rabbit anti-calnexin poly-
clonal antibody was from Stressgen (Victoria, BC). Anti-
myc and anti-V5 antibodies were from Invitrogen (Carlsbad,
CA). Human and rhesus monkey tissue total mRNA or RNA
were from Biochain Institute (Hayward, CA). All oligo-
nucleotides were synthesized at Sigma-Genosys (The Wood-
lands, TX).

Transport Experiments in the Ussing Chamber.The
Ussing chamber assay was carried out using the intestinal
tissue from adult male cynomolgus monkeys. Animal hous-
ing, care, and euthanasia were conducted in accordance with
local animal care and use guidelines, and were approved by
local committees. Six sheets per monkey (n ) 3) of jejunum
mucosa, stripped of one muscular layer, were mounted in
Lucite Ussing chambers (0.625 cm2 opening), which were
connected to a model VCC MC6 voltage clamp apparatus
(Physiological Instruments, San Diego, CA). The mucosal
tissue was bathed in Ringer’s with either 10 mM MES/Tris
(pH 6.0) or 10 mM HEPES/Tris (pH 7.4), containing 10 mM
mannitol and 100µM Gly-Sar; the serosal solution was
Ringer’s with 2 mM mannitol, 10 mM glucose, 10 mM
HEPES/Tris (pH 7.4), and 100µM Gly-Sar. The volume of
bathing solution on each side was 5 mL. After a 20 min
equilibration period, [3H]Gly-Sar was spiked into either the
mucosal or serosal side of the chamber. Samples (1 mL) were
taken from the unlabeled side in 15 min intervals for 3 h,
and replenished with equal volumes of bathing solution. The
tissue viability was assessed by a short circuit current (Isc)
jump after the addition of 100µL of 1 M glucose to the
mucosal side at the end of the experiment.

Cloning the Full-Length cDNAs of Monkey PEPT1 and
PEPT2. RACE was performed with the SMART RACE
cDNA amplification kit (Clontech, Palo Alto, CA) according
to the manufacturer’s protocols. Rhesus monkey small
intestine and kidney poly(A)+ RNA were used as templates
to clone monkey PEPT1 and PEPT2, respectively. Oligo-
nucleotides corresponding to highly conserved regions of
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the Lung: Implications for Pulmonary Oligopeptide Uptake.Am.
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Table 1. Oligonucleotide Primers Used in RACE and RT-PCR

cDNA positions sequence product

RACE PEPT1 782-808 5′-GGCTGGACTGGGCTAAAGAGAAATACG-3′ N/A
808-782 5′-CGTATTTCTCTTTAGCCCAGTCCAGCC-3′

PEPT2 256-279 5′-CAGAGGCTGCTGAAGGCATGGTA-3′ N/A
1940-1916 5′-TCTAGCATGAAATCTGTACTCCAGGC-3′

RT-PCR PEPT1 174-198 5′-GTTTGTGGCTCTGTGCTACCTGACG-3′ 656 bp
829-809 5′-ATGAGCGGCTCATCTCCCAAA-3′
7-32 5′-CCTTTCCAGAAAAATGAGTCCAAGGA-3′ 411 bp

PEPT2 417-394 5′-GCCTTACCAATACTGGGAGGACAA-3′
84-104 5′-CCCTCCAAAGAAGCCATCTCC-3′ 821 bp
904-883 5′-GATGTAAAGGCACTGACCAGGG-3′
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PEPT2 (Table 1) from human, rabbit, rat, and mouse for
PEPT1 and human, rat, and mouse for PEPT2 were used to
amplify the 5′-end and 3′-end of monkey PEPT1 or PEPT2.
The RACE products were cloned into the pCRII vector
(Invitrogen) and sequenced. The full-length monkey trans-
porters were generated from primers designed from extreme
5′- and 3′-ends of cDNAs using 5′-RACE-Ready cDNA as
template.

For cloning of cynomolgus monkey PEPT1, total RNA
was extracted from cynomolgus monkey small intestine tissue
preserved in RNAlater stabilization reagent using RNeasy
mini prep columns (Qiagen, Valencia, CA). A primer pair
was designed from 5′- and 3′-UTR regions of rhesus monkey
PEPT1, and was used to amplify the full-length cDNA
sequence of cynomolgous PEPT1.

The open reading frames of the human PEPT1 and PEPT2
were first amplified from human small intestine and kidney
QUICK-CLONE cDNA (Clontech) bypfuDNA polymerase
(Stratagene, La Jolla, CA), respectively, and then subcloned
into pCRII.

Construction of Expression Vectors for both Human
and Monkey Transporters.The cDNA fragments of human
and cynomolgus monkey PEPT1 were constructed to contain
a BamHI site at the 5′-side and anXbaI site at the 3′-side
with or without the native stop codon. These fragments were
then cloned intoBamHI-XbaI sites of pCDNA3.1/myc-His
A (Invitrogen), resulting in four expression vectors, which
encode either wild-type PEPT1 or a fusion PEPT1 with a
C-terminal myc epitope and polyhistidine (His6) tag. The
cDNA fragments of human and rhesus monkey PEPT2 were
directionally cloned into pcDNA3.1D/V5-His-TOPO (Invit-
rogen) according to the manufacturer’s protocol, yielding four
additional expression vectors, encoding wild-type PEPT2 and
fusion PEPT2 with C-terminal V5 epitope and His6 tag.
Constructed vectors were verified by sequence analysis prior
to functional analysis.

Transfection, Uptake Study, and Immunodetection of
Human and Monkey PEPT1 and PEPT2 in HeLa Cells.
HeLa cells were obtained from American Type Culture
Collection (CCL-2). Cells were grown in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal calf
serum, 4.5 g/L glucose, 110 mg/L sodium pyruvate, 584
mg/L L-glutamine, 0.1 mM nonessential amino acids, 100
units/mL penicillin, and 100µg/mL streptomycin (Invitrogen)
at 37 °C in a humidified atmosphere with 5% CO2. After
cells reached 70-80% confluence in 24-well plates, trans-
fection was performed with FuGENE 6 (Roche, Indianapolis,
IN) according to the manufacturer’s protocol. PEPT1- or
PEPT2-mediated [14C]Gly-Sar uptake activity was measured
in the cells 24 h post-transfection. The uptake medium was
at either pH 6.0 or 7.4 as described previously.8 Nonspecific
uptake due to passive diffusion was assessed in parallel

experiments with cells transfected with the pcDNA3.1 empty
vector. The incubation time for uptake experiments was 3
min, which is within the linear phase of the uptake process
(the first 5 min). At the end of the incubation, the cells were
washed three times with ice-cold PBS and lysed with 0.3
mL of PBS/well with 1% Triton X-100 for 30 min. The
aliquots were subjected to both liquid scintillation and protein
quantification by the BCA method. Uptake activity was
determined as the number of picomoles or nanomoles of Gly-
Sar per milligram of protein per 3 min.

To measure Gly-Sar transport kinetics, [14C]Gly-Sar uptake
in appropriate concentration ranges was assessed with an
incubation time of 3 min. Passive diffusion (Kd, diffusion
coefficient) was assessed in parallel experiments in HeLa
cells transfected with an empty pcDNA3.1 vector. Experi-
mental data were fitted by KaleidaGraph (Synergy Software,
Reading, PA), in which a model describing the uptake as a
process combining diffusion and single-site carrier-mediated
transport8 was used. The fitted kinetic parameters were
presented as the maximal uptake velocity (Vmax) and the
concentration (Kt) when the uptake rate reaches half ofVmax.
All experiments were carried out in triplicate on two to three
different experimental days.

For immunoblotting studies, the transfected HeLa cells in
the six-well plate were washed with PBS and lysed with 0.5
mL of lysing buffer per well as described previously.9 Lysates
were then diluted and boiled for 5 min with an equal volume
of 2× Laemmli sample loading buffer. Lysates were
separated with a 4 to 20% SDS-polyacrylamide gel, and
proteins were transferred onto an Immun-Blot PVDF mem-
brane with a Criterion immunoblotting cell (Bio-Rad, Her-
cules, CA). The blot was probed with the appropriate
antibody and visualized using a biotinylated anti-rabbit or
anti-mouse IgG and a chromogenic detection system (Vector
Lab, Burlingame, VA).

Northern Blot and RT-PCR Analysis. To analyze the
tissue distribution pattern of rhesus monkey PEPT1 and
PEPT2 mRNA, multiple-tissue poly(A)+ RNA Northern blots
(BioChain) were hybridized with [R-32P]dCTP (3000 Ci/
mmol; ICN Radiochemicals) probes prepared from cDNA
fragments of monkey PEPT1 (nucleotide positions 745-
1557) and PEPT2 (nucleotide positions 84-904) using a
random primer DNA labeling system (Invitrogen). Hybrid-
ization was carried out in ULTRAhyb (Ambion, Austin, TX)
at 50 °C overnight, followed by three washes at 55°C in
2× SSC buffer containing 0.1% SDS and 1 mM EDTA.
Blots were stripped with boiling 1% SDS to remove
radiolabeled probe and reprobed withâ-actin cDNA as an
internal control. The blots were exposed to Bio-Max MR
film or a PhosphorImager screen to visualize the signals.

Semiquantitative RT-PCR was performed on 1µg of total
mRNA (Biochain) with a SuperScript first-stand synthesis

(8) Liang, R.; Fei, Y.-J.; Prasad, P. D.; Ramamoorthy, S.; Han, H.;
Yang-Feng, T. L.; Hediger, M. A.; Ganapathy, V.; Leibach, F.
H. Human Intestinal H+/Peptide Cotransporter.J. Biol. Chem.
1995, 270, 6456-6463.

(9) Wong, M. H.; Oelkers, P.; Dawson, P. A. Identification of a
mutation in the ileal sodium-dependent bile acid transporter gene
that abolishes transport activity.J. Biol. Chem.1995, 270, 27228-
27234.
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system and Platinum PCR superMix (Invitrogen). PCRs were
performed with PEPT1- or PEPT2-specific oligonucleotide
primers (Table 1) with 35 cycles of denaturing at 94°C for
30 s, annealing at 62°C for 30 s, and extension at 72°C for
1 min, and the final extension was performed at 72°C for 5
min. Amplified PCR fragments were subjected to electro-
phoresis on a 2% agarose gel, stained with ethidium bromide,
and visualized by UV illumination. The PCR products were
confirmed by sequencing the subcloned fragments.

Results
Proton-Dependent Absorptive Transport of Gly-Sar in

Cynomolgus Monkey Jejunum. In the Ussing chamber
study, the integrity of the jejunum tissue from cynomolgus
monkey was assessed throughout the experiment by tissue
resistance (Rt). These determinations showed thatRt remained
constant (∼40 Ωcm2) over the time course of the experi-
ments. This value is in good agreement with that previously
reported.10 When the pH of the mucosal bathing solution
was changed from 7.4 to 6.0, the Gly-Sar mucosal-to-serosal
flux increased significantly from 0.10( 0.03 to 0.30( 0.05
pmol cm-2 s-1 (p < 0.05, Figure 1). In addition, when the
mucosal pH was 6.0, the mucosal-to-serosal (0.30( 0.05
pmol cm-2 s-1) flux was significantly higher than the serosal-
to-mucosal (0.14( 0.04 pmol cm-2 s-1) flux (p < 0.05). In
contrast, when the mucosal pH was 7.4, these two fluxes

were not statistically different. Taken together, these data
indicated that there is a proton-dependent dipeptide transport
process across monkey small intestine in the absorptive
direction, i.e., mucosal to serosal.

Cloning of Full-Length cDNAs of Monkey PEPT1 and
PEPT2. Rhesus monkey PEPT1 and PEPT2 cloned by
RACE were 3108 and 3227 bp long, respectively. The cDNA
of cynomolgus PEPT1 was found to be 99.3% identical to
that of rhesus PEPT1. The sequences have been submitted
to GenBank (accession numbers AY289934 for rhesus
PEPT1, AY289936 for cynomolgus PEPT1, and AY289935
for rhesus PEPT2). The cDNA sequences of cynomolgus and
rhesus PEPT1 are 94.9 and 94.8% identical to that of human
PEPT1 (GenBank accession number NM_005073), respec-
tively. The level of cDNA identity between rhesus and human
PEPT2 (GenBank accession number NM_021082) is 97.8%.
The predicted amino acid sequences of the coding regions
yield a 708-amino acid polypeptide for both cynomolgus and
rhesus monkey PEPT1 and a 729-amino acid polypeptide
for rhesus monkey PEPT2. There is a high degree of
sequence homology between human and monkey peptide
transporters at the primary amino acid sequence levels
(Figure 2). Being 99.0% identical to each other, cynomolgus
PEPT1 and rhesus PEPT1 are 92.7 and 92.4% identical to
human PEPT1 at the amino acid level, respectively. The level
of primary sequence identity between human and rhesus
monkey PEPT2 is 97.0%.

Expression of Human and Monkey Peptide Transport-
ers in Transfected HeLa Cells.Expression of human and
cynomolgus PEPT1 and human and rhesus PEPT2 in
transiently transfected HeLa cells was verified by Western
blot analyses.

The anti-PEPT1 antibody was able to detect both human
and monkey PEPT1 (75-100 kDa, Figure 3A). Since the
anti-PEPT1 antibody used was raised against the 16-amino
acid antigen in the human PEPT1 C-terminus, which is not
identical to the corresponding region in monkey PEPT1
(Figure 2A), it is possible that this antibody may detect
human PEPT1 with a higher efficiency than monkey PEPT1.
It appeared that the level of immunoreactive human PEPT1
was indeed higher than that of monkey PEPT1, in compari-
son to the loading baseline provided by calnexin. Further-
more, both human and monkey C-terminally tagged PEPT1
could not be detected by this antibody, likely because the
attachment of the myc epitope and His6 tag to the C-terminus
of PEPT1 blocks antigen-antibody interaction. When the
antibody to the myc epitope was used in the Western blot
analysis (Figure 3B), a comparable amount of human and
monkey tagged PEPT1 was detected, suggesting that human
and monkey PEPT1 are likely expressed at similar levels in
the transiently transfected HeLa cells.

To verify that monkey PEPT1 is a proton-dependent
cotransporter and to compare its transport function with that
of human PEPT1, the uptake of the hydrolysis-resistant Gly-
Sar dipeptide was assessed in mock-transfected cells with
an empty vector and cells transfected with vectors containing
PEPT1. The results (Figure 3C) showed that monkey PEPT1

(10) Wang, W.; Uzzau, S.; Goldblum, S.; Fasano, A. Human zonulin,
a potential modulator of intestinal tight junctions.J. Cell Sci. 2000,
113, 4435-4440.

Figure 1. Proton-dependent mucosal-to-serosal Gly-Sar
transport across monkey jejunum. The mucosal pH varied
between 6.0 and 7.4 with the serosal pH constant at 7.4. [3H]-
Gly-Sar was spiked into either the mucosal or serosal
chamber, each of which contained 100 µM unlabeled Gly-
Sar. The pair of mucosal-to-serosal fluxes (indicated with
asterisks) are different, as are the mucosal-to-serosal and
serosal-to-mucosal fluxes (indicated with circles). Results are
the mean ( the standard error from three to six tissues. Data
were analyzed using the Student’s t test, and a p of <0.05
was considered statistically significant.
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Figure 2. Primary sequence alignment of monkey and human peptide transporters: (A) PEPT1 and (B) PEPT2.
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behaved in a manner similar to that of human PEPT1, as
both transporters exhibited comparable uptake activities at
either pH 6.0 or 7.4. Additionally, the attachment of the
C-terminal tag (myc and His6) to the transporters did not
appear to alter their transport functions.

Similar results were obtained when transport activities
were compared between human and monkey PEPT2 or
tagged PEPT2 expressed in HeLa cells (Figure 4A). Monkey
and human PEPT2 possessed almost identical Gly-Sar uptake
under either pH condition, as did both tagged transporters.
Additionally, the expression levels of both tagged transporters
can be easily determined by the same antibody (antibody to
V5 epitope) and were found to be comparable as shown in
Figure 4B. Taken together, it appears that both human and
monkey PEPT2 are likely expressed at comparable levels in
transfected HeLa cells.

Comparison of Uptake Kinetics and Inhibitor Specific-
ity of Monkey and Human Peptide Transporters.Uptake
kinetics were determined at varying concentrations of Gly-
Sar in the range of 0.039-5 mM for PEPT1 and 0.0039-

0.5 mM for PEPT2. As shown in Figure 5A, both monkey
and human PEPT1 revealed Michaelis-Menten-type satura-
tion kinetics yielding similar kinetic parameters. Specifically,
Kt andVmax equaled 0.39( 0.10 mM and 14.9( 2.2 nmol
mg-1 (3 min)-1 for human PEPT1 and 0.35( 0.18 mM and
11.3 ( 0.7 nmol mg-1 (3 min)-1 for monkey PEPT1,
respectively. For monkey and human PEPT2, their concen-
tration-activity profiles were almost superimposable (Figure
5B) and yielded almost identical kinetic parameters:Kt and
Vmax values for human PEPT2 of 30.0( 5.4 µM and 1.6(
0.3 nmol mg-1 (3 min)-1 andKt andVmax values for monkey
PEPT2 of 33.0( 4.8 µM and 1.6 ( 0.3 nmol mg-1 (3
min)-1, respectively.

To further compare substrate specificity between human
and monkey peptide transporters, competition experiments
were performed for monkey and human peptide transporters.
In these experiments, seven previously reported PEPT1 drug
substrates5 were used to test their relative inhibitory potential
on Gly-Sar uptake for both PEPT1 and PEPT2 (Table 2).

Figure 3. Expression of human and monkey PEPT1 in
transiently transfected HeLa cells. (A) Proteins recognized by
anti-human PEPT1 and anti-calnexin. (B) Proteins recognized
by anti-myc and anti-calnexin. (C) pH-dependent Gly-Sar
uptake by human and monkey PEPT1. HeLa cells were
transfected with either empty vector (mock transfection) or
PEPT1 with or without the myc His6 tag for 24 h. Uptake of
[14C]Gly-Sar (50 µM) was assessed at pH 6.0 or 7.4 using a
3 min incubation time. Values are presented as percentages
relative to the uptake value [2109 ( 99 pmol (mg of protein)-1

(3 min)-1] of human untagged PEPT1 at pH 6.0 and are the
mean ( the standard error of four to six determinations.

Figure 4. Expression of human and monkey PEPT2 in
transiently transfected HeLa cells. (A) pH-dependent Gly-Sar
uptake by human and monkey PEPT2. (B) Proteins recog-
nized by anti-V5 and anti-calnexin. HeLa cells were trans-
fected with either the empty vector or PEPT2 with or without
the V5 His6 tag for 24 h. The uptake of [14C]Gly-Sar (30 µM)
was assessed at pH 6.0 or 7.4 with an incubation period of 3
min. Values are presented as percentages relative to the
uptake value [663 ( 34 pmol (mg protein)-1 (3 min)-1] of
human untagged PEPT2 at pH 6.0 and are the mean ( the
standard error of three determinations.
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These drugs includeâ-lactam antibiotics (cefadroxil and
cephalexin), angiotensin-converting enzyme (ACE) inhibitors
(captopril and enalapril), peptidomimetic drugs (bestatin),
and nonpeptidic substrates (L-DOPA and 5-aminolevulinic
acid). The amino acid glycine was used as the negative
control in the experiments and exhibited a minimal inhibitory
effect on Gly-Sar uptake, while unlabeled Gly-Sar (positive
control) diminished the uptake of [14C]Gly-Sar as expected.
The inhibition profiles of the seven compounds on Gly-Sar
uptake were quite similar (demonstrated by the percentage
of inhibition) in HeLa cells transfected with either human
or monkey PEPT2. On the other hand, most compounds at
the tested concentration exhibited a different (p < 0.05)
inhibitory effect on [14C]Gly-Sar uptake between human and
monkey PEPT1. To more completely define the ability of

these compounds to inhibit Gly-Sar transport, IC50 values
were determined. The IC50 studies (Table 3) suggested that
most of these compounds had comparable IC50 values for
both human and monkey PEPT1. However, captopril and
cefadroxil had slightly higher IC50 values for human PEPT1
than for monkey PEPT1 (p < 0.05).

Tissue Distribution of Monkey PEPT1 and PEPT2
mRNA. The tissue distribution of monkey PEPT1 and
PEPT2 was examined by Northern blot analysis (Figure 6).
A strong 3.4 kb transcript was detected in monkey small
intestine. This band likely corresponds to monkey PEPT1
mRNA, since a 3.3 kb band for human PEPT1 mRNA was
revealed by previous Northern analysis.8 In contrast, no
observable PEPT1 mRNA was detected in monkey brain,
colon, kidney, lung, spleen, and skeletal muscle. Similarly,
the 4.4 kb band in PEPT2 blot appears to correspond to
monkey PEPT2, as PEPT2 mRNA of a similar size was
previously reported in rabbits11 and rats.7 This 4.4 kb PEPT2
transcript was faint but detectable in monkey brain, kidney,
and lung. When normalized with theâ-actin expression level,
the PEPT2 expression level was the highest in kidney,
followed by that in the brain and lung. It should be noted
that a 4.0 kb band in the PEPT1 blot and a diffused band
around 3.5 kb in the PEPT2 blot were also detected from
the same tissues where PEPT1 or PEPT2 transcripts were
found, but their identities remain to be determined.

Semiquantitative RT-PCR was also performed for direct
comparison of tissue expression of human and monkey
peptide transporters in seven tissues, including brain, colon,
kidney, liver, lung, pancreas, and small intestine (Figure 7).
As a negative control, samples without prior reverse tran-
scription yielded no detectable band (data not shown),
suggesting that genomic DNA contamination was not the
source of the amplified band. PEPT1- and PEPT2-specific
amplicons were detected on all of the seven tested human
and monkey tissues after 35 PCR cycles, but varied in band
intensity. Visual comparison of these amplified bands
indicates there were some differences in mRNA expression
between human and monkey transporters in tissues. For
example, the PEPT1-specific amplicon (656 bp) was barely
detected from monkey kidney, but readily identifiable from
human kidney. This suggests that the relative amount of
PEPT1 mRNA in monkey kidney may be smaller than that
of PEPT1 in human kidney. Similarly, PEPT2 mRNA in liver
may be more abundant in monkey than in human, when the
intensities of PEPT2-specific amplicons (411 bp) are com-
pared. For PEPT2, two distinct PCR segments were gener-
ated from the total mRNA of monkey colon and small
intestine. A similar observation was made with the other set
of primers (see the sequence in Table 1; RT-PCR data not
shown). The size of the shorter band was consistent with

(11) Boll, M.; Herget, M.; Wagener, M.; Weber, W. M.; Markovich,
D.; Biber, J.; Clauss, W.; Murer, H.; Daniel, H. Expression cloning
and functional characterization of the kidney cortex high-affinity
proton-coupled peptide transporter.Proc. Natl. Acad. Sci. U.S.A.
1996, 93, 284-289.

Figure 5. [14C]Gly-Sar uptake kinetics of monkey and human
(A) PEPT1 and (B) PEPT2. The uptake of [14C]Gly-Sar by
HeLa cells at pH 6.0 was assessed over concentration ranges
of 0.039-5 mM for PEPT1 and 0.0039-0.5 mM for PEPT2.
Values represent the mean ( the standard error of three
determinations. The curves were fitted by a model containing
both carrier-mediated and diffusion components (see the
Experimental Section).
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those from other tissues. Sequence analysis confirmed that
this shorter transcript was indeed monkey PEPT2-specific
and 411 bp in length, whereas the longer transcript was 600
bp in length and was identical to the wild-type transcript
except for an 189 bp insertion.

Discussion
The objective of this study was to compare the transport

function, substrate specificity, and tissue expression profile
between human and monkey peptide transporters (PEPT1
and PEPT2). It should be noted that functional comparisons
of PEPT1 were made between expressed cDNA from human
and cynomolgous monkey, while that of PEPT2 was made
between cDNA from human and rhesus monkey. The Ussing
chamber work that demonstrated PEPT1 activity in small
intestine was performed with cynomolgous tissue since cyno-
molgous monkey is the commonly used toxicology species.
In addition, Northern and RT-PCR studies were carried out
on RNA from rhesus monkey. It can be assumed that peptide
transporters in these two monkey species should be quite
similar (partially confirmed by the>99% level of sequence
identity between cynomolgous and rhesus monkey PEPT1
in this study); therefore, the discussion of the results of these

studies refers to monkey without further differentiation about
which monkey species was utilized in a particular study.

Although no information was available in monkey, both
PEPT1 and PEPT2 have been cloned from many species,
including human,8,12 mouse,13,14 rabbit,11,15 and rat,16,17 and
found to be highly homologous across species. The strategy
adopted for cloning monkey PEPT1 and PEPT2 was based
on this high degree of sequence homology. First, the most
conserved regions on PEPT1 or PEPT2 cDNAs were
deduced from cross-species sequence alignment; then primers
were designed from these regions and used in RACE
reactions to amplify monkey PEPT1- or PEPT2-specific 5′-
and 3′-ends. Finally, the full-length clones of monkey PEPT1

Table 2. Inhibitor Specificity of Human and Monkey Peptide Transportersa

PEPT PEPT2

human monkey human monkey

inhibitor pmol mg-1 (3 min)-1 % pmol mg-1 (3 min)-1 % pmol mg-1 (3 min)-1 % pmol mg-1 (3 min)-1 %

none 1988 ( 85 0 1661 ( 68 0 631 ( 34 0 638 ( 37 0
Gly-Sar 76 ( 2 96 25 ( 13 98 125 ( 11 80 102 ( 16 84
glycine 1908 ( 61 4 1574 ( 29 5 637 ( 25 0 599 ( 19 6
ALA 199 ( 21 90 34 ( 6 98 226 ( 9 64 373 ( 26 58
bestatin 0 100 0 100 0 100 47 ( 7 94
captopril 775 ( 21 61 172 ( 26 90 592 ( 32 6 592 ( 18 7
cefadroxil 537 ( 43 73 202 ( 33 88 7 ( 2 99 4 ( 1 100
cephalexin 934 ( 32 53 522 ( 28 69 190 ( 15 70 165 ( 17 75
L-DOPA 1054 ( 27 47 653 ( 19 61 351 ( 23 44 280 ( 22 57
enalapril 258 ( 17 87 28 ( 14 98 152 ( 12 76 155 ( 9 76

a HeLa cells were transfected with vectors containing either PEPT1 or PEPT2 cDNA. The uptake of [14C]Gly-Sar was assessed for 3 min at
pH 6.0. The concentration of [14C]Gly-Sar was 50 µM for PEPT1 and 30 µM for PEPT2. The concentration of the inhibitors was 10 mM for
PEPT1 and 2 mM for PEPT2. Data were corrected for the uptake value of the mock-transfected cells. Values are the mean ( the standard error
of four to six measurements. % is the percentage of inhibition.

Table 3. IC50 Values of Drug Substrates for Human and
Monkey PEPT1a

IC50
b (mM)

inhibitor human monkey

ALA 0.78 ( 0.26 0.69 ( 0.21
bestatin 0.56 ( 0.19 0.74 ( 0.12
captopril 5.64 ( 0.81 2.61 ( 0.69c

cefadroxil 1.88 ( 0.35 1.05 ( 0.29c

cephalexin 11.1 ( 1.98 10.8 ( 2.30
L-DOPA 14.9 ( 2.45 13.7 ( 3.71
enalapril 2.13 ( 0.36 1.87 ( 0.21

a HeLa cells were transfected with vectors containing either human
or monkey PEPT1 cDNA. The uptake of [14C]Gly-Sar (10 µM) was
assessed for 3 min at pH 6.0 in the presence of eight concentrations
(between 0 and 50 mM, depending on the solubility) of inhibitors. IC50

values were determined by the dose-response IC50 model in
KaleidaGraph. Values are represented as the average IC50 value (
the standard error of three independent experiments with three
replicates per experiment. b The drug concentration that inhibits
[14C]Gly-Sar uptake by 50%. c Significantly different from that of
human PEPT1 (p < 0.05).

Figure 6. Tissue distribution of monkey PEPT1 and PEPT2
mRNA as examined by Northern blot analysis. Monkey
multiple-tissue blots containing 3 µg of poly(A)+ RNA were
hybridized with radiolabeled probes prepared from full-length
cDNA monkey PEPT1 or PEPT2 as described in the Experi-
mental Section. The hybridized blots were stripped of residual
radioactivity and reprobed with â-actin cDNA as an internal
control. The blots were exposed to a PhosphorImager Screen
for appropriate times to visualize the signals.
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and PEPT2 were generated by PCR with a set of primers
deduced from the sequence of the extreme 5′- and 3′-ends.
Not surprisingly, both monkey peptide transporters exhibited
a higher level of homology with human transporters than
other species. As such, we recommend that this cloning
approach should be applicable for cloning other monkey
transporters.

To facilitate direct functional comparison of human and
monkey peptide transporters, human and monkey PEPT1
were placed into the same expression vector pcDNA3.1 with
and without the myc and His6 tag. Similarly, human and
monkey PEPT2 were placed into pcDNA3.1 with and
without the V5 and His6 tag. In fact, incorporation of a
detection tag, such as GFP18 and polyhistidine,19 onto the

N- or C-terminus of transporters has been proven to be a
useful approach to studying the expression and function of
many transporters in the heterologous expression system,
provided that tagged transporters still retain function. A
previous study demonstrated that the addition of the myc
and His6 tag to the C-terminus of human PEPT1 was
tolerated well by PEPT1.20 The results reported here further
confirm that both human and monkey tagged PEPT1 and
PEPT2 functioned in a manner similar to those of untagged
transporters. Therefore, the expression levels of the untagged
wild-type transporters could be reflected by that of the tagged
transporters, whose expression was easily evaluated by
Western blot using the commercially available antibody. This
strategy eliminates the need to raise transporter-specific
antibodies for cross-species detection which may be a
problem due to amino acid variations in the antigen region
(as in the case of PEPT1), or if an antibody is not readily
available for the transporter (as in the case of PEPT2).

On the basis of the high level of primary sequence
homology between human and monkey peptide transporters,
it was anticipated that they would share similar transport
function and substrate specificity. As a model dipeptide
compound, Gly-Sar is a substrate for both human PEPT1
and PEPT2. Not surprisingly, Gly-Sar uptake kinetics were
similar for human and monkey transporters (Figure 5).
Subsequently, single concentrations (10 mM for PEPT1 and
2 mM for PEPT2) of several known substrates were used in
the uptake inhibition study (Table 2). The percentages of
inhibition of Gly-Sar uptake by tested compounds were
similar in human and monkey PEPT2, whereas different
inhibitory effects were observed with most compounds in
human and monkey PEPT1. Since the tested concentration
(10 mM) of some compounds led to nearly complete
inhibition of Gly-Sar uptake by monkey PEPT1, IC50 studies
were conducted to further evaluate the inhibitor specificity
between human and monkey PEPT1. Most drug substrates
possessed comparable IC50 values in human and monkey
PEPT1. Captopril and cefadroxil, on the other hand, had
lower IC50 values in monkey, which suggests they have
greater affinity for monkey PEPT1 than for human PEPT1.

While functional comparison was performed in the het-
erologous expression system, in which peptide transporters
were transiently expressed at a high level on the nonpolarized
cell membrane, it appears from the results above that the
monkey peptide transporter possessed a transport function
similar to that of their human counterparts. In fact, Ussing
chamber studies (Figure 1) with monkey mucosa showed
that Gly-Sar was transported in a proton-dependent manner
in the mucosal-to-serosal direction, presumably by the
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Figure 7. Tissue expression of human and monkey peptide
transporters as examined by semiquantitative RT-PCR. The
same loading (5 µL from 50 µL of the PCR mixture) per lane
was analyzed by 2% agarose gel electrophoresis.
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monkey PEPT1 transport system. Although direct compari-
son with human has not been performed, similar results were
observed in different animal species.21,22

Tissue expression profiles of human and monkey peptide
transporters were compared by both Northern and RT-PCR
analyses. Previous Northern blot analyses showed that PEPT1
transcripts were readily detected in both small intestine and
kidney in human,8 rat,23,24 and rabbit,15 whereas our results
(Figure 6) indicated that PEPT1 could be detected in only
monkey small intestine. Since it has been generally accepted
that both PEPT1 and PEPT2 are expressed in the kidney
and are responsible for reabsorption of dipeptide and
peptidomimetics, the absence of the PEPT1 transcript in
monkey kidney by our Northern analysis was unexpected.
Considering that Northern blot analysis may not be suf-
ficiently sensitive to detect low-copy number transcripts, we
performed RT-PCR, which indeed amplified a PEPT1-
specific transcript from monkey kidney total mRNA at a high
cycle number (g35 cycles). These results suggested that
monkey kidney appears to contain a lower level of PEPT1
mRNA than human kidney. Furthermore, the PEPT1 mRNA
level in colon also appeared to be higher in human than in
monkey (Figure 7). That monkey PEPT2 mRNA was
detected in kidney, brain, and lung by Northern blot analysis
is in good agreement with the PEPT2 tissue localization
reported previously in several other species.11,23,25,26The RT-
PCR experiments reported here also demonstrated that both
human and monkey PEPT2 mRNAs are present in the seven
tissues that were tested, including small intestine. These
results are inconsistent with previous reports which did not
detect PEPT2 in small intestine by RT-PCR.12,27 However,

there are conflicting results from different laboratories on
tissue expressions of PEPT1 or PEPT2 using RT-PCR. For
example, human PEPT1 mRNA was detected in colon in
one report,28 but not in another.29 A different RT-PCR
protocol (specifically, different cycle numbers), different
RNA and mRNA sources, and some intersubject variability
may account for these inconsistencies.

Taken together, the results reported here indicated that
there are some differences in mRNA tissue expression in
human and monkey peptide transporters (i.e., a lower PEPT1
mRNA level in monkey kidney than in human). However,
implications of these species differences remain to be
determined, since the transcriptional mRNA level does not
necessarily correlate to the active protein level.

Recently, a splice variant of human PEPT1 was cloned
and shown to moderate the transport activity of human
PEPT1.11,30 Therefore, the observation of an extra PEPT2-
specific amplicon in monkey colon and intestine (Figure 7)
but not in human tissues by RT-PCR is an interesting finding.
Preliminary splicing analysis suggested that this amplicon
is an alternative spliced form of monkey PEPT2. Cloning
and characterization of this potential PEPT2 variant will be
the subject of future work.

In summary, PEPT1 was cloned from monkey small
intestine and PEPT2 from monkey kidney, both of which
were highly homologous in sequence to their human
counterparts. In many respects, monkey peptide transporters,
especially PEPT2, have a transport function very similar to
that of their human counterparts. However, monkey PEPT1
appeared to confer higher affinity to two tested drug
substrates, captopril and cefadroxil, than human PEPT1. In
addition, tissue expression analyses on PEPT1 and PEPT2
mRNAs revealed differences between human and monkey.
These differences between human and monkey peptide
transporters will need to be considered when using monkey
as a preclinical model to study drug disposition of the
substrates of PEPT1 and PEPT2.
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